Abstract Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by a chronic relapsing-remitting joint inflammation. Perturbations in the balance between CD4 + T cells producing IL-17 and CD4 + CD25 high FoxP3 + Tregs correlate with irreversible bone and cartilage destruction in RA. APL1 is an altered peptide ligand derived from a CD4+ T-cell epitope of human HSP60, an autoantigen expressed in the inflamed synovium, which increases the frequency of CD4 + CD25 high FoxP3+ Tregs in peripheral blood mononuclear cells from RA patients. The aim of this study was to evaluate the suppressive capacity of Tregs induced by APL1 on proliferation of effector CD4+ T cells using co-culture experiments. Enhanced Treg-mediated suppression was observed in APL1-treated cultures compared with cells cultured only with media. Subsequent analyses using autologous crossover experiments showed that the enhanced Treg suppression in APL1-treated cultures could reflect increased suppressive function of Tregs against APL1-responsive T cells. On the other hand, APL1-treatment had a significant effect reducing IL-17 levels produced by effector CD4+ T cells. Hence, this peptide has the ability to increase the frequency of Tregs and their suppressive properties whereas effector T cells produce less IL-17. Thus, we propose that APL1 therapy could help to ameliorate the pathogenic Th17/Treg balance in RA patients.
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disorder that eventually leads to the functional impairment of peripheral joints. A subset of CD4 effector T helper cells that produce IL-17, termed T helper 17 (Th17) cells, has been implicated as the pivotal driving force of autoimmune inflammation in several human autoimmune diseases (Waite and Skokos 2012) . A novel hypothesis suggests that a Th17/regulatory T-cell (Treg) imbalance may be responsible for the development and progression of RA (Wang et al. 2012; AlFadhli 2013) . Expression levels of IL-17 have been found increased in RA synovium (Kotake et al. 1999) , as well as in peripheral blood mononuclear cells (PBMCs) supernatants from patients compared with healthy controls (Shen et al. 2010) . Moreover, the frequencies of Th17 cells and levels of IL-17 strongly correlated with systemic disease activity at both the onset and the progression of RA (Leipe et al. 2010 ). The cytokine is involved in different pathogenic processes, for instance in increasing the production of pro-inflammatory cytokines, chemokines, and matrix-degrading enzymes in a range of cell types (Park et al. 2005) . On the other hand, CD4 + CD25 high forkhead box P3-expressing (FoxP3+) Tregs are among the most important cells in the regulation of the immune system. Tregs prevent the development of various inflammatory diseases by suppressing autoaggressive T and B cell responses (Sakaguchi et al. 2009 ). Intensive research has focused on Tregs in RA and other chronic rheumatic diseases (Prakken et al. 2001; Wehrens et al. 2013) . Some studies have shown reduced numbers and/or suppressive function of Tregs in peripheral blood of RA patients compared to healthy controls (Ehrenstein et al. 2004; Valencia et al. 2006; Jiao et al. 2007; Sempere-Ortells et al. 2009; Lina et al. 2011; Nie et al. 2013) . Tregs from RA patients seem unable to inhibit the secretion of pro-inflammatory cytokines such as IFNγ and TNFα even though they are competent at suppressing the proliferation of autologous CD4+ CD25-T cells (Cao et al. 2003; Ehrenstein et al. 2004 ). This phenomenon is perhaps due to an inhibition of their functions by pro-inflammatory cytokines, increased number of activated effector T (Teff) cells and/ or the resistance of Teff cells to suppression (Pasare and Medzhitov 2003; Valencia et al. 2006; Bettelli et al. 2006; Buckner 2010 ). Altogether, it seems that the predominance of pathogenic Th17 cells and pro-inflammatory cytokines together with a deficiency in the mechanisms that control the immune response have deleterious effects in the persistence of inflammatory conditions (Cope et al. 2007; McInnes and Schett 2011) . Therefore, the balance between Tregs and pathogenic Teff cells is crucial for immune regulation in RA.
Antigen-specific approaches can manipulate in a more specific way such balance avoiding the generalized immune suppression. However, the selection of a specific autoantigen is a crucial point in this approach. Heat shock protein 60 kDa (HSP60) has been successfully used in the induction of tolerance in autoimmune arthritis (van Eden et al. 2005; Zonneveld-Huijssoon et al. 2013) . We have predicted two novel CD4+ T-cell epitopes (E18-3 and E18-12) from human HSP60 by the use of bioinformatics (Domínguez et al. 2011; Barberá et al. 2013; Lorenzo et al. 2012) . In particular, the wildtype peptide E18-3 was modified in one amino acid residue for increasing its affinity to RA associated HLA class II molecules. According to previous results, stimulation with this new peptide, called APL1, increases the frequency of CD4 + CD25 high FoxP3+ Tregs from PBMCs of RA patients and inhibits the course of arthritis in an animal model for RA (Domínguez et al. 2011) .
In the present study, we investigated the suppressive capacity of Tregs induced by APL1 on proliferation of effector CD4+ T cells using autologous co-culture experiments. We also explored its effects on activation and function of highly purified Tregs and Teff cells isolated from PBMCs of RA patients.
Methods Peptides
Peptides were manually synthetized by the Fmoc/tBu strategy in syringes using the Fmoc-AM-MBHA resin (0.54 mmol/g). After treatment with TFA, the peptides were lyophilized and analyzed by reverse phase HPLC and mass spectrometry. The sequences of APL1 and E18-3 peptides were previously published (Domínguez et al. 2011; Barberá et al. 2013) . The adenoviral peptide 475C489 (A5, Ansynth Service B.V., Roosendaal, The Netherlands) was used as control for suppression assays.
Patients and healthy subjects
RA patients were diagnosed according to the European League against Rheumatism criteria (Aletaha et al. 2010) . Eleven patients were recruited from the University Medical Center, Utrecht, The Netherlands, and ten patients from the National Institute of Rheumatology, Havana, Cuba. Approval for this study was obtained from both institutional medical ethics review boards.
Patients have an average age of 53 ± 13 years (range 23-69) and a mean duration of disease of 14 years ± 9 years (range 3-38 years). Most patients were taking steroidal antiinflammatory drugs and disease-modifying anti-rheumatic drugs like methotrexate.
Ten healthy subjects participated in the study with an age range of 25-55 years.
Informed consent was obtained from all patients and healthy subjects.
Isolation and culture of CD4 + T-cell subsets
PBMCs were isolated by density gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare Europe). CD4 + CD25-CD127+ T cells (Teff) and CD4 + CD25 high CD127-(Tregs) were isolated directly from PBMCs using a BD influx ™ cell sorter (BD Biosciences) after staining using PerCPconjugated anti-CD4, FITC-conjugated anti-CD25, and PEconjugated anti-CD127 (purities more than 95 %). Teff were cultured with irradiated (3000 rads) autologous PBMCs as antigen-presenting cells (APC) in a T:APC ratio of 1:5, with APL1 (40 μg/mL), A5 (40 μg/mL) or media for 4 days in 6-well plates. Tregs isolated from PBMCs were cultured with autologous APC (1:5 ratio), with APL1 (40 μg/mL), A5 (40 μg/mL) or media for 4 days in 96-well plates. Cells were cultured in RPMI 1640 Glutamax medium supplemented with 1 % penicillin/streptomycin and 10 % heat inactivated pooled human AB serum. Table 1 summarizes the CD4+ T cell subsets, cell culture treatments, and terms used in this study. After culture, cell viability was monitored by trypan blue exclusion.
The culture of cells with APL1 or A5 peptides did not affect cell viability when compared to cells cultured only with media. All cells were washed in PBS1×, counted, resuspended in fresh supplemented RPMI 1640 Glutamax medium, and used for phenotypic, proliferation, suppression, and cytokine detection assays as described below. Total PBMCs from RA patients and healthy controls were used in some experiments.
Phenotypic analysis of Tregs and CD4+ effector T cells
To determine the percentage of Tregs in PBMCs from RA and healthy controls, 1 × 10 6 PBMCs were cultured in triplicate with or without 40 μg/mL of APL1 or wild-type peptide E18-3 for 5 days. Afterwards, cells were stained using the Human Regulatory T cell Staining Kit (eBioscience) according to the manufacturer's instructions. Samples were acquired on a FACS Partec flow cytometer (Partec, Germany) and analyzed using the Partec Flomax software version 2.81. One hundred thousand cells were acquired for analysis. CD4 + T cells were gated according to their expression of CD25. FoxP3 expression was then analyzed on CD4 + CD25 high gated T cells. Then, the numbers of FoxP3+ cells were used to calculate the percentage of CD4 + CD25 high FoxP3+ Tregs among total CD4 + T cells.
Tregs and Teff cells cultured with media or APL1 (5 × 10 4 ) were used for phenotypic analyses. Cells were stained using a PerCP-conjugated anti-CD4, an APC-conjugated anti-CD25, and a PE-conjugated anti-FoxP3. Phosphorylation of STAT-5 was determined in Tregs using a Pacific blue-conjugated antipSTAT5 (Y694). Samples were acquired on Becton Dickson FACS Canto machine and data were analyzed using FlowJo software (Treestar Inc., Ashland, OR, USA). A minimum of 30-50,000 events were acquired for analysis.
Proliferation and suppression assays
After the initial cultures, Tc-, TAPL1, and Tcp cells (5 × 10 4 ) were washed and cultured for 4 days in the absence or presence of anti-human CD3/CD28-coated magnetic beads (bead/cell ratio, 1:15). During the last 18 h of culture, 3H-thymidine was added at 1 μCi/well. Proliferative responses upon CD3/CD28 stimulation were expressed as the mean +/−SD counts per minute (cpm) of triplicate wells. For suppression assays, Tregc-, TregAPL1, or Tregcp were added accordingly to cultures in suppressor/ effector ratios of 1:2 and 1:4. Percentage of suppression was calculated as 100*1-(cpm of co-cultures/cpm of Teff alone). In other experiments, proliferation was assessed by CFSE method. The suppression of the proliferation was calculated using the formula: 100*1-(% CFSE low co-culture/%CFSE low Teff alone). Samples were acquired on Becton Dickson FACs Canto machine as described above.
Cytokine detection assays
Tc-and TAPL1 cells (5 × 10 4 ) were washed and stimulated with anti-human CD3/CD28 coated magnetic beads (bead: cell ratio, 1:15) for 4 days. Cytokines were measured in supernatants using a multiplex immunoassay based on Luminex technology (xMAP, Luminex Austin TX USA) and analyzed as described previously (de Jager et al. 2005; de Jager et al. 2007) . In other experiments, Tc-and TAPL1 (5 × 10 4 ) were washed and stimulated with PMA (50 ng/mL) and ionomycin (2000 ng/mL) for 5 h. BFA (5 μg/mL) was added for the last 3 h. Then, the staining of CD4 surface expression was performed. Intracellular cytokines were stained using PE-conjugated anti-IFNγ and APC-conjugated anti-IL-10. In other experiments, PBMCs (1 × 10 6 ) from RA patients were cultured in triplicate with or without 40 μg/mL of APL1 for 4 days. IL-17 levels were evaluated in 
Statistical analysis
All data analyses were performed using GraphPad Prism version 5.00 (GraphPad Software, San Diego California, USA). Samples were examined for normality with KolmogorovSmirnov test. Results were expressed as mean ± standard deviation (SD), and differences were analyzed with Student's t test, Mann-Whitney test or ANOVA with a Tukey's post-test, accordingly. P < 0.05 was considered statistically significant.
Results

Treg-mediated suppression is enhanced in APL1-treated cultures
In previous studies, we have demonstrated that APL1 increases the frequency of CD4 + CD25 high FoxP3+ Tregs in PBMCs of RA patients. In contrast, the wild-type peptide E18-3 had not such effect (Domínguez et al. 2011) . Here, we confirmed these earlier results and showed that APL1 did not induce an increase of Tregs when the PBMCs were isolated from healthy subjects (Fig. 1a) . Furthermore, we observed a reduced circulating Tregs percentages in RA compared to healthy individuals as previously reported (Jiao et al. 2007; Sempere-Ortells et al. 2009; Lina et al. 2011) .
The hallmark of Tregs is their ability to suppress immune responses by inhibiting the proliferation of Teff cells. Whether APL1 influences the suppressive function of Tregs from peripheral blood of RA patients was next investigated. To test this approach, CD4 + CD25 high CD127-Tregs and CD4 + CD25-CD127+ Teff cells were isolated from PBMCs of RA patients by cell sorting and were cultured with APC and with medium alone or APL1 for 4 days (see Table 1 and Methods section for details). The suppressive capacity of TregAPL1 on proliferation of Teff cells was first assessed on TAPL1 cells and compared with control cells, trying to simulate an in vivo administration of APL1, in which it would be in contact with APC, Tregs but also with Teff cells. A representative example of the suppressive activity of Tregc-and TregAPL1 against Tc-and TAPL1 cells, respectively, in a ratio suppressor/effector of 1:2, is shown in Fig. 1b . TregAPL1 showed a twice higher suppressive activity on proliferation of TAPL1 cells compared with Tregcagainst Tc-for all suppressor/effector ratios tested (Fig. 1c) . However, Treg-mediated suppression was not increased when cells were cultured with a control peptide (A5) compared to control cells. Thus, the increased suppressive function of Tregs in APL1-treated cells seems to be specific to this peptide rather than broadly applicable to antigen specific in vitro experiments of this nature.
Enhanced Treg suppression in APL1-treated cultures seems to reflect increased suppressive function of Tregs against APL1 responsive T cells
We next determined whether enhanced suppression observed in APL1-treated cultures reflects increased sensitivity of TAPL1 cells to suppression or increased Treg cell suppressive functions. This was examined using autologous cross-over suppression assays.
The sensitivity of TAPL1 cells to Treg suppression was assessed by comparing the capacity of Tregc-cells to decrease the proliferation of Tc-and TAPL1 cells. First, it was confirmed that effector cells cultured with APL1 for 4 days displayed comparable phenotypic and proliferative properties to cells cultured with media at the CD3/CD28 bead: cell ratio used for all the assays. Figure 2a (left hand panel) shows that the expression levels of CD25 and FoxP3 were similarly low in Tcand TAPL1 cells before the mitogenic stimulation. Human CD4 + CD25-T cells upregulate transiently the expression of CD25 and FoxP3 after activation (Allan et al. 2005; Gavin et al. 2006) . As expected, the expression of both markers was induced in Teff cells after CD3/CD28 stimulation, but again, comparable levels were detected between Tc-and TAPL1 cells (Fig. 2a,  left hand panel) . Furthermore, Tc-and TAPL1 cells exhibited similar levels of proliferation upon mitogenic stimulation (Fig. 2a, right hand panel) . To better characterize the effector T cell function of Tc-and TAPL1 cells, their production of cytokines upon CD3/CD28 stimulation was analyzed using a Luminex multiparameter immunoassay. As shown in Fig. 2b , TAPL1 cells produced four times less IL-17 than Tc-, while both displayed similar levels of TNFα, IL-13, and IL-2. The latter is in accordance with the fact that Tc-and TAPL1 cells have the same ability to proliferate after CD3/CD28 stimulation. In this assay, IFNγ and IL-10 levels were under the limits of detection, so we measured the frequencies of CD4 + T cells producing IFNγ and IL-10 upon PMA/ionomycin stimulation but no differences were detected between Tc-and TAPL1 cells (Fig. 2c) . Taking into consideration that APL1 reduced only the secretion of IL-17 produced by Teff cells, we proceeded to confirm this effect in ex vivo assays using PBMCs from RA patients. As shown in Fig. 2d , APL1 strongly reduced IL-17 secretion in theses cultures. Thus, TAPL1 cells show a classic phenotype of activated T cells upon a mitogenic stimulus, but with a decreased production of IL-17 compared to Tc-cells. As immunosuppressive Treg-cell function shows a nonreciprocal relationship with some pro-inflammatory cytokines like TNFα (Valencia et al. 2006) , we wondered whether an impaired IL-17 production by TAPL1 cells could render these cells more susceptible FoxP3+ Tregs in PBMCs of RA patients but not in PBMCs of healthy subjects. PBMCs were cultured with or without peptide (40 μg/mL) for 5 days. PBMCs in absence of peptide were used as control of basal frequency in each sample (C-). Data were analyzed using ANOVA and Tukey's post-test (**p < 0.01). b, c Tregmediated suppression is enhanced in APL1-treated cultures from RA patients. b Tregc-or TregAPL1 were added to Tc-or TAPL1 cells, respectively, in a ratio suppressor/effector of 1:2 (c) Tregc-, TregAPL1, or Tregcp were added to Tc-, TAPL1, or Tcp cells, respectively, in ratios suppressor/effector of 1:2 and 1:4. Proliferation was assessed by CFSE in (b) and [3H]-thymidine method (c), n = 5. Data were analyzed using Student's t test for each ratio (*p < 0.05) to Treg-mediated suppression. However, although some increase in the suppressive activity of Tregc-against TAPL1 compared to Tc-cells was seen, no significant differences were found (Fig. 3a) . Thus, TAPL1 cells do not appear to be more susceptible to Treg-mediated suppression than Tc-cells.
Then, we compared the capacity of TregAPL1 and Tregcto decrease the proliferation of TAPL1 cells. A significant difference between the suppressive function of TregAPL1 compared with Tregc-against TAPL1 cells was observed (Fig. 3a) . The suppressive function of TregAPL1 was also analyzed on proliferation of Tc-cells but no differences were detected with respect to Tregc-. All these results might suggest that the enhanced Treg suppression observed in APL1-treated cultures appears to reflect higher potency of TregAPL1 cells against APL1 responsive Teff cells.
To gain some insights into the effect of APL1 on Tregs, we investigated their phenotype after culture with this peptide for 4 days by assessing their expression of CD25, FoxP3, and pSTAT-5. The activation of STAT-5 pathway, through phosphorylation at residue Y694, has been involved in the development of Tregs with higher reactivity to self-antigens through direct up-regulation of CD25 and FoxP3 expression (Moran et al. 2011;  CD3/CD28 stimulation, n = 5. Proliferation was assessed by 3H-thymidine method (right hand panel), n = 5. Data were analyzed using ANOVA and Tukey's post-test (***p < 0.0001). b APL1 decreases IL-17 produced by activated CD4 + T cells from RA patients. Tc-and TAPL1 cells were cultured with anti-CD3/CD28 beads for 4 days. Cytokine levels were measured in supernatants using an in-house developed and validated multiplex immunoassay based on Luminex technology, n = 3.
Data were analyzed using Mann-Whitney test (*p < 0.05). c The frequencies of CD4 + T cells producing IFNγ and IL-10 were determining in Tc-and TAPL1 cells by intracellular staining after PMA/ ionomycin stimulation, n = 5. d APL1 inhibits IL-17 secretion in PBMCs from RA patients. PBMCs were cultured with or without peptide (40 μg/ mL) for 4 days. PBMCs in absence of peptide were used as control of basal levels in each sample (C-). Levels of this cytokine were detected in supernatants using the Human IL-17 Quantikine ELISA Kit (R&D Systems). These results are representative of three similar experiments, n = 10. Data were analyzed using ANOVA and Tukey's post-test (***p < 0.001) Mahmud et al. 2012 ). APL1 induced a population with higher expression of CD25 in patients. A representative experiment is shown in Fig. 3b . The increased expression of CD25 was associated with the expression of pSTAT-5 in this subpopulation. A trend toward increased MFI values of pSTAT-5 was observed in TregAPL1 cells compared to Tregc- (Fig. 3c) . These data could suggest that APL1 is able to activate pathways involved in the expansion and survival of Tregs.
Discussion
We have reported that APL1 has two major effects in PBMCs from RA patients. This peptide increases the frequency of CD4 + CD25 high FoxP3+ Tregs (Domínguez et al. 2011 ) and induces apoptosis of activated CD4 + T cells presumably through a Treg-dependent mechanism (Barberá et al. 2013) . Both effects could help to restore the balance between Tregs and Teff cells which is essential for immune regulation in RA. In addition, APL1 increased Treg frequencies in PBMCs isolated from patients with Crohn's disease and Juvenile idiopathic arthritis (Domínguez et al. 2014) . Here, we investigated the specificity of this mechanism by exploring such effects in healthy subjects. APL1 did not increase the proportions of the CD4 + CD25 high FoxP3+ Treg cells from healthy individuals. Similar results to those seen in healthy subjects were found in assays using PBMCs from patients with osteoarthritis (OA) (data not shown), which is the most common form of arthritis, but is not considered as an autoimmune disease (Berenbaum 2013) . Given all these facts, we think that APL1 is able to expand Tregs within an inflammatory context, associated with autoimmune conditions.
In last decades, a consistent number of studies investigated the number, phenotype, and function of Tregs in the peripheral blood, synovial fluid, and synovial membrane of RA patients. In agreement with our results, most studies observed reduced circulating Tregs percentages in RA compared to healthy individuals (Jiao et al. 2007; Sempere-Ortells et al. 2009; Lina et al. 2011) . One fact that could explain the low frequency of circulating Tregs in RA patients is the finding that natural Tregs can convert into Th17 cells and other effector T cells in certain environments (Zheng 2013) . For instance, IL-6, which is highly expressed in RA, favors the conversion of natural Tregs into Th17 cells (Zheng et al. 2008) . The increased frequency of Th17 cells as well as low circulating levels of Tregs have been found to correlate with the disease activity of RA patients (Sempere-Ortells et al. 2009; Leipe et al. 2010) . On the other hand, there is a clear evidence that the frequencies of Tregs in the synovial fluid of patients with RA are elevated compared with those in the peripheral blood (Cao et al. 2003; Jiao et al. 2007) . A selective migration of Tregs from peripheral blood to the inflamed joint involving interactions through CXCR4 has been proposed as one of the plausible mechanisms to explain these differences (Zou et al. 2004) . Thus, the last mentioned could also help to explain low numbers of Tregs in peripheral blood from patients with rheumatic diseases compared to healthy controls.
In addition to Treg frequency, others have also reported that the functional activity of Tregs is altered in RA (Ehrenstein et al. 2004; Leipe et al. 2005; Valencia et al. 2006) . Failures in the function/numbers of Tregs can be responsible for the development of autoimmune diseases, and enhancing their function may be a treatment strategy. In this study, we analyzed whether in addition to increasing the frequency of Tregs, APL1 influenced the suppressive function of Tregs from peripheral blood of RA patients. Elevated Treg-mediated suppression on proliferation was observed in APL1-treated cells in contrast to control cells. This comparison was possible because cells cultured with APL1 had the same ability to proliferate than cells cultured with media. This fact could seem contradictory considering our previous reports in which APL1 induced apoptosis of activated CD4+ T cells (Barberá et al. 2013) . However, it is important to notice that here APL1 was not present during the stimulation of cells with anti-CD3/ CD28-coated magnetic beads. APL1 was cultured with CD4 + CD25-Teff cells for 4 days and then cells were washed and stimulated with anti-CD3/CD28 beads as it was described in Methods section. Thus, APL1 was absent in cultures when T cells became active. Similarly to our previous findings, APL1 had no effect on cell viability in CD4 + CD25-T cell cultures (data not shown). Due to the same reasons, differences seen in cytokine production of TAPL1 and Tc-cells cannot be associated with the pro-apoptotic effect of APL1 to T effector cells. In this study, APL1 treatment only decreased the production of IL-17 by Teff cells. This effect was confirmed in ex vivo assays using PBMCs from RA patients. IL-17 production and defects in Treg function/numbers in RA patients have been correlated with irreversible bone and cartilage destruction (AlFadhli 2013). Thus, the fact that APL1 decreased the production of IL-17 by Teff cells together with the increased frequency/function of Tregs in peripheral blood could represent a beneficial effect in the control of the inflammatory process in RA.
The decreased secretion of IL-17 by TAPL1 cells did not render them more susceptible to Treg-mediated suppression. Autologous cross-over experiments suggested that the higher Treg-mediated suppression seen in APL1-treated cultures could be due to higher potency of TregAPL1 cells against APL1-responsive Teff cells. This result could be explained considering that Tregs that share the same antigenic specificity with effector cells are much more suppressive than polyclonal populations (Masteller et al. 2006) . Indeed, it is hypothesized that effectiveness of the Treg-based therapy can be improved by using antigen-specific Tregs rather than polyclonal Tregs because of their higher suppressive properties. However, it is necessary to identify relevant antigens in the pathogenesis of the disease. Tregs need to be activated via their T cell receptor for maintaining their suppressive potential; this implicates that their cognate antigen should be abundantly present and presented in the context of MHC class II molecules in the inflamed joints. We and others believe that peptides derived from HSPs could be such antigens (Prakken et al. 2004; van Eden et al. 2005; Koffeman et al. 2009; Zonneveld-Huijssoon et al. 2013; Barberá et al. 2015) . HSP60-peptides are considered bystander antigens because they are upregulated at the site of inflammation and are immunologically dominant. Tolerogenic immune responses induced to such antigens could lead to a local downregulation of the ongoing inflammatory response (Zonneveld-Huijssoon et al. 2013) . In particular, the response induced to APL1 should be relevant in the context of autoimmune arthritis considering the protective effect of this peptide in the AA model associated with increased proportions of Tregs (Domínguez et al. 2011) . In addition, our data seem to support that APL1 is able to activate the STAT-5 pathway in Tregs. This pathway has been involved in the expansion, survival, stabilization of FoxP3 expression in these cells, and it suppresses differentiation into Th17 cells (Wei et al. 2008 ). The specific mechanism by which APL1 induces the activation of STAT-5 in Tregs remains unclear but it is interesting in the light of earlier gain-of-function studies, in which the expression of a constitutively active STAT-5 resulted in the expansion of Tregs and rescued their numbers in the absence of IL-2 (Burchill et al. 2003; Burchill et al. 2008) .
In summary, we have described in this study that APL1, a peptide derived from HSP60, has the ability to increase the frequency of Tregs and its suppressive capacity against APL1 responding Teff cells and on the other hand, decreases IL-17 secretion by activated Teff cells. Thus, we propose that APL1 therapy could help to ameliorate the pathogenic Th17/Treg balance in RA patients.
